Chronic inflammation accompanies obesity and limits subcutaneous white adipose tissue (WAT) expandability, accelerating the development of insulin resistance and type 2 diabetes mellitus. MicroRNAs (miRNAs) influence expression of many metabolic genes in fat cells, but physiological roles in WAT remain poorly characterized. Here, we report that expression of the miRNA miR-30a in subcutaneous WAT corresponds with insulin sensitivity in obese mice and humans. To examine the hypothesis that restoration of miR-30a expression in WAT improves insulin sensitivity, we injected adenovirus (Adv) expressing miR-30a into the subcutaneous fat pad of diabetic mice. Exogenous miR-30a expression in the subcutaneous WAT depot of obese mice coupled improved insulin sensitivity and increased energy expenditure with decreased ectopic fat deposition in the liver and reduced WAT inflammation. High-throughput proteomic profiling and RNA-Seq suggested that miR-30a targets the transcription factor STAT1 to limit the actions of the proinflammatory cytokine interferon-g (IFN-g) that would otherwise restrict WAT expansion and decrease insulin sensitivity. We further demonstrated that miR-30a opposes the actions of IFN-g, suggesting an important role for miR-30a in defending adipocytes against proinflammatory cytokines that reduce peripheral insulin sensitivity. Together, our data identify a critical molecular signaling axis, elements of which are involved in uncoupling obesity from metabolic dysfunction.
Excess body weight is an established risk factor for developing metabolic diseases, including type 2 diabetes mellitus (T2DM). However, ;30% of obese individuals retain clinically normal measures of metabolic function characterized by insulin sensitivity (1, 2) . Although the molecular underpinnings that lead to insulin-sensitive obesity are not defined, the condition is linked to expansion of subcutaneous white adipose tissue (WAT) depots that efficiently sequester excess energy. Additionally, subcutaneous WAT expansion correlates with reduced incidence of obesity-linked conditions, including hepatic steatosis and T2DM (3) (4) (5) . Therefore, factors that preserve the metabolic function of subcutaneous WAT may protect against the comorbidities of obesity.
Obesity is associated with chronic low-grade inflammation, reflecting significant alterations in the composition of immune cell populations that reside in WAT. The ensuing proinflammatory environment likely impinges on the metabolic functions of adipocytes and may partially explain the insulin resistance that characterizes T2DM (6) . Supporting these observations, proinflammatory cytokines, such as interferon-g (IFN-g) and tumor necrosis factor-a, correlate with insulin resistance, attenuated subcutaneous WAT expansion, and pathological central (visceral) WAT accumulation (7) (8) (9) (10) . WAT inflammation links obesity to insulin resistance and T2DM, but numerous questions remain unanswered, including how to sustain noninflamed subcutaneous WAT expansion during overnutrition.
Adipose tissue-specific microRNAs (miRNAs) influence metabolism by regulating adipocyte differentiation, inflammation, and metabolic functions (11) . In an effort to discover new regulators of fatty acid metabolism, we recently discovered that the miRNA miR-30a regulates mitochondrial respiration in human adipocytes (12) . miR-30a likely exerts this function by modulating an integrated gene program to increase expression of insulin sensitivity genes and elevate oxidative metabolism in white adipocytes. Here, we demonstrate that enforced miR-30a expression in the subcutaneous fat pads of diabetic mice robustly increases insulin sensitivity without affecting body weight. We establish that miR-30a expression is anti-inflammatory in adipocytes, and this effect occurs through direct suppression of the STAT1 signaling pathway. STAT1 activation reciprocally inhibits miR-30a expression in adipocytes, which likely contributes to the chronic inflammatory state of obesity. We conclude that miR-30a is a critical effector of subcutaneous WAT expansion and the inflammatory response associated with obesity.
RESEARCH DESIGN AND METHODS

Animal Care and Use
Diet-induced obesity (DIO) mice (The Jackson Laboratory) were fed 60% high-fat diet (HFD; Bio-Serv) for 12-14 weeks before experiments. Mouse body composition was examined by MRI (Echo Medical Systems). We obtained adenovirus (Adv) miR-control (m009), Adv-miR-30a (mm0332), Adv-anti-miR-control (m010), and Adv-miR-anti-miR-30a (m5539) from Applied Biological Materials, Inc. Adv (5 3 10 9 pfu/mL) was injected into both left and right inguinal fat pads of male DIO mice under anesthesia. At the end of experiments, tissues were collected, flash frozen in liquid N 2 , and stored at 280°C until use.
Human Subjects
Cohort 1
Subcutaneous WAT biopsies (13) from the lateral thigh were obtained from obese subjects (BMI = 38.3 6 1.5 kg/m 2 , fasting plasma glucose = 82 6 3 mg/dL, HOMA of insulin resistance [HOMA-IR] = 2.2 6 0.3) and patients with recently diagnosed T2DM (BMI = 35.2 6 3.8 kg/m 2 , fasting plasma glucose = 126 6 31 mg/dL, HOMA-IR 7.8 6 2.1). All participants provided written informed consent.
Cohort 2
Subcutaneous WAT biopsies were obtained from obese subjects during gastric bypass surgery (14) . Three subjects were defined as insulin sensitive (BMI = 37.7 6 0.3 kg/m 2 , fasting plasma glucose = 95.1 6 3 mg/dL, HOMA-IR = 2.1 6 0.2), and 12 patients were insulin resistant (BMI = 40.6 6 1.0 kg/m 2 , fasting plasma glucose = 99 6 2 mg/dL, HOMA-IR = 5.8 6 0.7).
The use of medications known to affect metabolism, particularly lipid-or glucose-lowering drugs, was an exclusion criterion in this study. Samples were stored at 280°C until RNA extraction. In both cohorts, the cutoff to separate insulin-sensitive and insulin-resistant patients was a HOMA-IR index of 2.
Antibodies and Immunoblotting
Western blotting was performed as previously described (12) . Antibodies are listed in Supplementary Table 2 .
Glucose and Insulin Tolerance Tests
To determine glucose tolerance, mice were fasted for 16 h and glucose was administered (1 g/kg body weight) by intraperitoneal injection. To determine insulin tolerance, mice were fasted for 6 h prior to intraperitoneal insulin (0.5 units/kg body weight). Blood glucose levels were measured by handheld glucometer.
Metabolic Cages
Energy expenditure studies were conducted using Oxymax System cages (Columbus Instruments, Columbus, OH). Mice were acclimated in the metabolic chambers for 3 days before the start of experiments. Food intake, heat production, and CO 2 and O 2 levels were measured over 12-h light and 12-h dark cycles for a total of 4 days.
FACS Analysis of Inguinal WAT Stromal Vascular Fraction
Minced adipose tissue was placed in digestion buffer containing 0.5% BSA and 1 mg/mL collagenase (catalog no. C2139; Sigma-Aldrich) and incubated in a 37°C shaking water bath for 30 min. The mixture was passed through a 100-mm filter before low-speed centrifugation. Erythrocytes were removed from the stromal vascular fraction (SVF) pellet with RBC Lysis Buffer (catalog no. 420301; BioLegend). The purified SVF pellet was resuspended in FACS buffer, incubated with Fc Block (catalog no. 14-0161-85; eBioscience), and stained with conjugated antibodies. The following antibodies were used for FACS: CD45 (catalog no. 12-0481-82; eBioscience), F4/80 (catalog no. 123113; BioLegend), CD11b (catalog no. 101227; BioLegend), and CD11c (catalog no. 48-0114-82; eBioscience). Stained cells were washed twice in PBS and fixed in 1% formaldehyde before analysis. Samples were profiled using a LSRII cytometer (Becton Dickinson) coupled with FACS Diva (BD Biosciences) and FlowJo (Tree Star) software.
Real-time PCR and Chromatin Immunoprecipitation
Total RNA was extracted using the Direct-zol RNA MiniPrep Kit (Zymo Research). Primer sequences and gene expression assays are detailed in Supplementary Tables 3 and 4 .
miR-30a Expression Analysis
The TaqMan Advanced miRNA cDNA Synthesis Kit (catalog no. A28007; Thermo Fisher) was used to synthesize miR-30a-5p cDNA from total RNA. To extend mature miRNAs, polyadenylation and adaptor sequence ligation of the 39 and 59 ends, respectively, occur prior to universal priming and reverse transcription. To address lowexpressing targets, cDNA is amplified by primers that recognize sequences appended to both ends, effectively minimizing amplification bias. TaqMan Advanced miRNA Assays (catalog no. A25576; Thermo Fisher) were used to quantify relative gene expression. Invariant RNA controls included sno412 (mouse), RNU48 (human), let-7g-5p, and miR-423-5p.
Reverse-Phase Protein Array
Protein lysates were prepared with Tissue Protein Extraction Reagent (Thermo Fisher) containing protease and phosphatase inhibitors (Roche). The Aushon 2470 Arrayer (Aushon BioSystems) with a 40 pin (185 mm) configuration was used to spot lysates onto nitrocellulose-coated slides (Grace Bio-Labs). The slides were probed with 220 antibodies against total and phosphoprotein proteins using an automated slide stainer (Dako). Primary antibody binding was detected using a biotinylated secondary antibody followed by streptavidin-conjugated IRDye 680 fluorophore (LI-COR Biosciences). Fluorescent-labeled slides were scanned on a GenePix AL4200, and the images were analyzed with GenePix Pro 7.0 (Molecular Devices). Total fluorescence intensities of each spot were normalized for variation in total protein (Sypro Ruby) and nonspecific labeling.
RNA-Seq
Poly-A RNA was purified from total RNA using Dynabeads Oligo dT25 (Invitrogen) and fragmented for size selection. First-strand cDNA was synthesized using Superscript Reverse Transcriptase III (Invitrogen). Second-strand cDNA was synthesized and marked with dUTP. The resultant cDNA was used for end repair, A-tailing, and adaptor ligation. The second-strand cDNA was then degraded by Uracil-DNA Glycosylase (NEB) and the library was amplified for sequencing (Illumina HiSeq2000). Read pairs were mapped using TopHat2 (15) onto the UCSC mouse genome (mm10) and RefSeq compendium of genes. Gene expression was computed using Cufflinks2 (16) . Gene set enrichment analysis (GSEA) was performed with DAVID against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The RNA-Seq data set can be accessed at the Gene Expression Omnibus (GSE39342).
Statistical Analyses
Statistical significance was assessed by unpaired Student t test. All tests were performed at the 95% CI. Pearson correlation coefficient (Pearson r) was calculated to evaluate correlations between metabolic parameters and miR-30a expression in human subcutaneous WAT. Detailed methods are provided in the Supplementary Data.
Study Approval
All animal procedures were approved by the Baylor College of Medicine Institutional Animal Care and Use Committee. 
RESULTS
miR-30a Expression in Adipose Tissue Correlates With
Insulin Sensitivity miR-30a regulates transcription of genes important for lipid metabolism in human adipocytes (12) and favorably correlates with multiple insulin-sensitive phenotypes analyzed in the Metabolic Syndrome in Men (METSIM) study (17) . To explore the hypothesis that miR-30a expression in WAT corresponds with insulin sensitivity, we measured miR-30a levels in fat tissues collected from insulin-resistant mice and humans. miR-30a expression was reduced in subcutaneous WAT isolated from DIO mice compared with mice fed normal chow ( Fig. 1A ). In obese humans (13), miR-30a was 40% lower in subcutaneous WAT isolated from insulin-resistant subjects compared with normoglycemic counterparts ( Fig. 1B) . Further, miR-30a levels were inversely correlated with measures of insulin resistance (Fig. 1C ), including HOMA-IR (Pr = 20.56, P = 0.008). These results suggest that decreased miR-30a expression is associated with compromised fat cell function in the context of insulin resistance, but not obesity.
miR-30a Overexpression in Subcutaneous Fat Improves Insulin Sensitivity
To determine if restoring miR-30a expression could improve adipocyte function in insulin-resistant mice, we injected the inguinal fat pad of DIO mice with an Adv expressing miR-30a or GFP ( Fig. 2A ). The GFP reporter present in both constructs allowed us to confirm infection efficiency by immunohistochemistry ( Supplementary Fig.  1A ) and flow cytometry ( Supplementary Fig. 1B ). After 7 days, we detected threefold higher expression of miR-30a compared with the GFP control in the inguinal fat pad Figure 1 -miR-30a expression in adipose tissue correlates with insulin sensitivity. A: qPCR was used to determine miR-30a expression levels in subcutaneous WAT isolated from male mice fed chow or HFD. Mice were fed chow or HFD for 12 weeks (n = 6/group). *P , 0.05. B: Relative miR-30a expression was measured in subcutaneous adipose tissue biopsied from obese (n = 12) and obese T2DM (n = 9) subjects. #P , 0.06. Data are represented as mean 6 SEM. C: miR-30a expression is negatively correlated with HOMA-IR in human subjects.
( Fig. 2B ). To specifically quantify miR-30a expression in fat cells, we separated adipocytes from the SVF. miR-30a levels were almost sixfold higher (5.43) in the adipocyte fraction of DIO mice ectopically expressing Adv-miR-30a in the inguinal WAT (iWAT) compared with the control treatment group (Fig. 2C ). Importantly, liver miR-30a expression was unaffected after adipose tissue infections ( Fig. 2D ).
Contrary to our expectations, weight gain on HFD was unchanged after Adv-miR-30a or GFP transgenesis ( Fig.  2E ). Although glucose tolerance was modestly improved by miR-30a expression in subcutaneous WAT (Fig. 2F ), this treatment was sufficient to markedly enhance insulin sensitivity ( Fig. 2G ) and reduce serum insulin levels ( Fig. 2H ). Likewise, the HOMA-IR ( Fig. 2I ) was significantly decreased, suggesting that ectopic miR-30a expression in subcutaneous WAT improves insulin sensitivity in obese mice. We next asked whether insulin sensitivity changes in DIO mice expressing Adv-miR-30a in iWAT were reflected in improved insulin signaling. Indeed, Adv-miR-30a expression in subcutaneous WAT increased insulin-dependent phosphorylation of Akt at S473 in the iWAT and liver ( Fig. 2J ). Serum triglyceride (Supplementary Fig. 2A ), free A: Adv-GFP or Adv-miR-30a was injected into the inguinal fat pad of DIO mice fed HFD for 16 weeks. miR-30a expression levels were confirmed using RNA (n = 5) isolated from iWAT (B), stromal vascular and adipocyte (WA) fractions (C), and liver (D) . E: Body weight gain (% initial) was measured during ectopic miR-30a in iWAT. Two weeks after the initial injection, glucose metabolism was determined by glucose tolerance (F) and insulin tolerance (G) tests (n = 12 mice/group). Serum insulin levels (H) and HOMA-IR (I) were assessed in fasted mice (4 h) injected with Adv-miR-30a or Adv-GFP control (n = 12 mice/group). J: Mice expressing Adv-miR-30a or Adv-GFP in iWAT were fasted 4 h and tissues collected 10 min after PBS or insulin (0.5 units/kg). Western blot analysis and relative protein levels for pAkt (S473) and total Akt in iWAT and liver lysates. K: Liver sections were stained with Oil Red O to examine the effects of iWAT miR-30a overexpression in liver fat. L: qPCR was used to determine the expression of lipogenic genes in the liver. M: Reduced fat content in the liver was confirmed by measurement of hepatic triglycerides (TG). All data are expressed as mean 6 SEM (n = 5). *P , 0.05. fatty acid ( Supplementary Fig. 2B ), and cholesterol (Supplementary Fig. 2C ) levels were also reduced by Adv-miR-30a expression in subcutaneous WAT of DIO mice. Histological examination of liver lipid content by Oil Red O staining showed that miR-30a overexpression in subcutaneous fat decreased hepatic steatosis (Fig. 2K ). In agreement with reduced liver fat, expression of genes associated with de novo lipogenesis was decreased ( Fig. 2L) , as was the level of hepatic triglycerides (Fig. 2M ). Together, these data suggested that miR-30a expression in subcutaneous WAT influences systemic insulin sensitivity and circulating lipid parameters without altering body weight.
miR-30a Expression in Subcutaneous WAT Confers Improved Energy Expenditure
To further define the metabolic phenotype of ectopic miR-30a expression in iWAT, we performed comprehensive analysis of body composition and energy expenditure. At the time of analysis (11 days after injection), we did not observe a significant difference in body composition ( Fig. 3A ) or fat distribution ( Fig. 3B ). However, we detected a modest, but statistically significant, increase in heat production ( Fig. 3C ), O 2 consumption (Fig. 3D ), and CO 2 production ( Fig. 3E ) during the night phase in the DIO mice injected with Adv-miR-30a. Carbohydrate and fat usage estimated by the respiratory exchange ratio was similar between Adv-GFP and Adv-miR-30a treatment groups (Fig. 3F) . The absence of a body weight difference between Adv-GFP and Adv-miR-30a treatments could be attributed to greater food intake ( Fig. 3G ) offset by elevated energy expenditure.
Recruitment of UCP1-positive adipocytes affects energy expenditure in rodents (18) . Our previous findings (12) suggested that Adv-miR-30a injection into the inguinal fat pad may influence changes in UCP1 expression that ultimately impact energy balance. Consistent with this notion, the appearance of UCP1-positive cells in iWAT accompanied the energy expenditure changes induced by Adv-miR-30a injection (Fig. 3H ). The energy expenditure effects we observed corresponded with smaller adipocyte size ( Fig.  3I ), which in turn correlates with WAT hyperplasia and insulin sensitivity (19) . As expected, WAT-specific genes (12) , including ADIPOQ, and other lipid metabolism genes (SCD1, PCK1, and CPT1B) were highly induced by Adv-miR-30a transgenesis (Fig. 3J) . Notably, induction of UCP1 was selectively enhanced over classic white adipocyte genes such as ADIPOQ (2.33), which supported data demonstrating that the effects of Adv-miR-30a in iWAT were not due to primary effects on adipogenesis in vivo ( Supplementary Fig. 3A ) or in vitro ( Supplementary Fig.  3B ). Rather, transfection of miR-30a mimics into mature human adipocytes changed fat cell properties in a manner similar to rosiglitazone. Two days after transfection, we found that miR-30a mimic promotes lipid droplet biogenesis and mitochondrial protein expression (Supplementary Fig. 4A ) concurrent with significantly elevated markers of fat metabolism ( Supplementary Fig. 4B ). These data argue that acquisition of brown-like features in white adipocytes contributes to the metabolic phenotype enforced by miR-30a expression in iWAT.
miR-30a Ablates Diet-Induced Subcutaneous Adipose Tissue Inflammation
During sustained HFD feeding, obesity initiates low-grade metabolic inflammation that ultimately coincides with insulin resistance and T2DM. In this setting, WAT harbors macrophages that play a critical role in chronic inflammation and metabolic dysfunction (20, 21) . To determine whether Adv-miR-30a affected macrophage infiltration in adipose tissues, we examined histological sections of iWAT. miR-30a expression repressed proinflammatory macrophage infiltration (Fig. 4A ), but it had no effect on the abundance of resident tissue macrophages ( Supplementary Fig. 5A ) or the broad expression of genes ( Supplementary Fig. 5B ) that specify adipocyte identity and proinflammatory responses in epididymal WAT.
To characterize cell signaling events underpinning this observation, we applied the samples to a reverse-phase protein array (RPPA) with broad pathway coverage (Fig. 4B ). Mice injected with Adv-miR-30a exhibited suppressed protein expression of published miR-30a targets that correspond with insulin resistance and impaired mitochondrial function, including Ubc9 (12), ATG12 (22, 23) , and BECN1 (24) , which broadly coincided with higher UCP1 expression. Unexpectedly, RPPA analysis revealed that phospho-STAT1 (Y701) was markedly repressed in mice injected with Adv-miR-30a. Depletion of total STAT1 and phospho-STAT1 levels were confirmed by immunoblotting ( Fig. 4C) .
We next used RNA-Seq to identify global effects of Adv-miR-30a overexpression in subcutaneous WAT 7 days after infection. To further demonstrate that miR-30a expression in the subcutaneous WAT of DIO mice is associated with thermogenic adipocytes, we performed GSEA (25) using reference gene expression data sets (GSE39562) from brown and beige adipocyte cell lines (26) . We found that genes affected by Adv-miR-30a expression were significantly enriched in beige (normalized enrichment score = 4.82) and brown (normalized enrichment score = 3.51) cells compared with white adipocytes ( Supplementary Table 1B ).
Gene ontology analysis suggested that Adv-miR-30a treatment is broadly anti-inflammatory, with evidence for suppression of toll-like receptor, chemokine, and JAK-STAT signaling (Fig. 4D ). We individually validated several representative inflammatory genes, and all showed significant suppression by Adv-miR-30a expression in subcutaneous WAT (Fig. 4E ). Flow cytometry analysis confirmed that Adv-miR-30a expression in subcutaneous WAT reduced inflammation derived from F4/80 + CD11b + macrophages ( Fig. 4F ). More specifically, Adv-miR-30a injection in iWAT depleted CD11c + cells, which are recognized as classically activated M1 macrophages (Fig. 4G ). These results demonstrate that miR-30a overexpression results in reduced inflammation and the appearance of thermogenic adipocytes in subcutaneous WAT.
STAT1 Is a miR-30a Target in Adipocytes
We used the BROAD Molecular Signatures Database (mSigDB v4.0) to identify transcription factor programs underpinning the broad blockade of WAT inflammation by Adv-miR-30a. This analysis (Fig. 5A ) revealed significant enrichment of transcription factors that cooperate with STAT1 (IFN-sensitive response element [ISRE]), including IFN response factors (IRFs). Consistent with this notion, direct targets with STAT1 binding sites 62 kb from the transcription start site showed reduced mRNA expression by RNA-Seq and directed quantitative PCR (qPCR) analysis in subcutaneous WAT infected with Adv-miR-30a ( Fig. 5B) .
To investigate direct connections between miR-30a and STAT1, we used our database of miRNA-target binding inferred by high-throughput sequencing (27, 28) and found consistent targeting of the STAT1 39-UTR by miR-30a in several cell lines (Fig. 5C ). We then demonstrated miR-30a binding to the STAT1 39-UTR by transiently coexpressing luciferase reporter fusions of STAT1 and miRNA mimics in human adipocytes. Results from these cotransfection experiments indicated that the relative luciferase activity in STAT1 39-UTR-expressing cells was significantly inhibited by miR-30a, whereas other 39-UTR fusions that contained mutations (m1 and m2) in miR-30a binding sites were unaffected ( Fig. 5D ). Consistent with these findings and our Adv-miR-30a experiments in vivo, miR-30a overexpression in human adipocytes effectively decreased endogenous STAT1 mRNA, protein expression, and activity ( Fig. 5E ). Overall, these data suggest that STAT1 is a direct target of miR-30a.
We examined the functional role of the STAT1/miR-30a axis by performing phenotypic analyses of mature human adipocytes transfected with STAT1 small interfering RNA (siRNA), miR-30a mimic, or appropriate controls. STAT1 knockdown or miR-30a mimic (Fig. 5F ) transfections produced a similar effect on metabolic and insulin sensitivity (ADIPOQ) genes, including significant induction of genes that mediate fatty acid handling (FABP4) and oxidation (UCP1 and PGC-1a). Subsequent immunoblot analysis (Fig.  5G ) confirmed that STAT1 knockdown by siRNA or miR-30a mimic increased ADIPOQ, PRDM16, and UCP1 protein levels while augmenting expression of mitochondrial markers (cytochrome c [CytC] and Hsp60). We next measured oxygen consumption rates (OCRs) in the miR-30atreated cells to determine the impact of these changes on metabolic activity. We found that knockdown of STAT1 expression by siRNA or miR-30a mimic increased both oligomycin-insensitive and maximal respiration rates (Fig.  5H ). STAT1 protein levels were fully depleted by combined siRNA and miR-30a knockdown, which corresponded to higher UCP1 expression ( Supplementary Fig. 6A ). Metabolic genes trended higher than single siRNA or miRNA mimic treatments, including prominent effects on PRDM16, UCP1, and ADIPOQ ( Supplementary Fig. 6B ). In contrast, individual siRNA or miR-30a transfections were sufficient to maximally suppress STAT1 target genes and mRNA expression of inflammatory cytokines ( Supplementary Fig. 6C ). Maximal OCR in cells was increased under combined blockade of STAT1 expression similar to single transfection conditions ( Supplementary Fig. 6D ). In sum, STAT1 inhibition by siRNA or miR-30a transfection yielded similar metabolic changes in human adipocytes that are unequivocally linked to improved insulin sensitivity.
Depletion of miR-30a Amplifies Adipose Tissue Inflammation
Our data suggested that miR-30a targets STAT1 directly in both mouse and human cells. To study the metabolic effect of miR-30a silencing, we injected Adv expressing anti-miR-30a directly into the inguinal adipose depot of lean mice fed HFD for 3 weeks. (Fig. 6A) . At necropsy, repeated Advanti-miR-30a injections decreased miR-30a expression in iWAT by 30% (Fig. 6B ). Although weight gain was unchanged ( Fig. 6C) , the loss of miR-30a in subcutaneous WAT decreased insulin sensitivity (Fig. 6D ) coupled with a rise in both fasting insulin levels ( Fig. 6E ) and HOMA-IR (Fig. 6F) . Consistent with reciprocal regulation of miR-30a and STAT1, the expression levels of STAT1 were increased in the iWAT of anti-miR-30a-treated mice (Fig. 6G) . Further, miR-30a depletion significantly increased expression of STAT1 target genes, including STAT1 itself, as well as the proinflammatory cytokines TNFA and IFNG (Fig.  6H) . The proinflammatory response induced by anti-miR-30a was accompanied by decreased expression of genes injections. Antibody probes that show statistically significant change at 7 days are shown. Each column represents three mice per group. C: Western blotting with indicated antibodies to validate RPPA results or other miR-30a targets with independent iWAT lysates. D: RNA-Seq coupled with pathway analysis identified that inflammatory gene signatures are suppressed by ectopic Adv-miR-30a expression in subcutaneous WAT of DIO mice (574 genes total down, P , 0.10, n = 4/group). E: Relative mRNA expression of key genes that validate the anti-inflammatory signature of Adv-miR-30a in subcutaneous WAT (n $ 4). Flow cytometry analysis to verify that Adv-miR-30a expression in iWAT reduces local F4/80 + (F) and CD11c + M1 macrophage infiltration (G) (n = 5 mice/group). Red, Adv-miR-30a; blue, Adv-GFP; gray, isotype control (n 5 5 mice/ group). All data are expressed as mean 6 SEM. *P , 0.05. that support insulin sensitivity and lipid metabolism (Fig.  6I ). Histological sections of iWAT stained with macrophage marker antibodies (Mac3) indicated that lower miR-30a levels were associated with increased proinflammatory macrophage infiltration (Fig. 6J) . Moreover, adipocyte size was increased in the fat pads injected with anti-miR-30a, compared with controls ( Fig. 6K ). We also injected anti-miR-30a into the inguinal fat pads of DIO mice ( Supplementary  Fig. 7A ). Seven days after infection, Adv-anti-miR-30a efficiently decreased miR-30a expression in iWAT by 60% ( Supplementary Fig. 7B ). Consistent with our observations in lean mice, the activity of STAT1 was increased in the iWAT of anti-miR-30a-treated mice ( Supplementary Fig. 7C) , as was the expression of proinflammatory genes (Supplementary Fig. 7D ). The negative effect of anti-miR-30a on lipid metabolism (Fig. 6I ) genes was corroborated by gene expression analysis of ADIPOQ, markers of lipogenesis, and fatty acid oxidation genes ( Supplementary Fig. 7E ).
To determine whether disrupting miR-30a influences metabolism and inflammation in vitro, we transfected human adipocytes with inhibitors of miR-30a. We found that inhibiting miR-30a expression was sufficient to increase protein levels of STAT1, but not STAT2 or STAT3 (Fig. 6L ). Elevated STAT1 protein levels corresponded with reduced expression of ADIPOQ and CytC, which suggested that miR-30a expression is crucial for maintaining key markers of insulin sensitivity and mitochondrial function (Fig. 6L) . Additionally, we found that miR-30a inhibition significantly induced genes that reflect STAT1 transcriptional activation (STAT1, ISG15, and OAS1) and inflammation (TNFA), which coincided with reduced expression of critical metabolic genes (Fig. 6M) . To determine the impact of these changes on metabolic activity, oxygen consumption was measured. We found that maximal respiration was reduced when human adipocytes were transfected with anti-miR-30a RNAs as compared with anti-control RNAs (Fig. 6N ). Dampened respiratory capacity correlated with reduced MitoTracker staining and more fragmented structures compared with controls ( Fig. 6O ). Together, these data suggest that miR-30a inhibition enables STAT1 to drive an inflammatory program that consequently disrupts metabolic activity in adipocytes. Figure 5 -STAT1 is a target of miR-30a in adipocytes. A: Top enriched, miR-30a repressed gene sets from the GSEA using the MSigDB C3 transcription factor (TF) targets gene set collection. B: mRNA expression of STAT1 target genes in subcutaneous WAT expressing Adv-GFP or Adv-miR-30a. C: Bioinformatic analysis of AGO-CLIP experiments show that miR-30a binds to two sites within the 3-UTR of STAT1. D: STAT1 3-UTR luciferase fusions were coexpressed with control or miR-30a mimic in human adipocytes. m1, mutant 1; m2, mutant 2 (n = 3 independent experiments). E: STAT1 mRNA, total protein, and activation (pSTAT1 Y701) are suppressed by miR-30a mimic transfection in human adipocytes. F: STAT1 siRNA, miR-30a, or transfection control was introduced into mature human adipocytes. The effects of STAT1 siRNA and miR-30a overexpression in human adipocytes were characterized by qPCR analysis of PPARg2, ADIPOQ, FABP4, PGC1a, UCP1, PRDM16, and STAT1 mRNA levels (n $ 3 independent experiments). G: Expression levels of pSTAT1 Y701, total STAT1, ADIPOQ, UCP1, PRDM16, Hsp60, and CytC were analyzed by immunoblotting for human adipocytes transfected with STAT1 siRNA or a miR-30a mimic. H: Respiration (as OCR) was measured in human adipocytes transfected with STAT1 siRNA, miR-30a mimic, or control oligomers. The OCR was measured over time with the addition of oligomycin (a), carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (b), and anti-mycin-A/rotenone (g). Percent change in OCR (%basal) was normalized to baseline rates (n = 5/group). *P , 0.05, relative to control transfection.
STAT1 and miR-30a Form a Feedback Loop That Enables IFN-g Sensitivity in Adipocytes
The increase in STAT1 activity upon miR-30a depletion suggested that signals that regulate inflammatory responses might impinge upon miR-30a expression. Like other genes transcribed by RNA polymerase II, miRNA expression is transcriptionally regulated by conventional transcription factors (29) . To date, few miRNAs have been identified as transcription factor targets, but our analysis of genomewide studies (30, 31) predicted that miR-30a is a direct target gene of STAT1 and PPAR-g ( Supplementary Fig. 8A ). In agreement with the genome-wide binding results, in silico analysis nominated STAT1 (GAS) and PPAR-g binding sites located proximal to the miR-30a transcriptional start site. To first determine if PPAR-g activation affected miR-30a expression, we treated mature human adipocytes with rosiglitazone. Rosiglitazone strongly increased the mRNA expression of ADIPOQ ( Supplementary Fig. 8B ), UCP1 ( Supplementary  Fig. 8C ), and miR-30a ( Supplementary Fig. 8D ), suggesting transcriptional control by PPAR-g activation. These initial results implied that miR-30a is a PPAR-g target gene.
Among the primary IFNs expressed in the adipose tissue of obese mice, IFN-g exhibited high expression and sensitivity to Adv-miR-30a injection (Supplementary Three weeks after the first injection, glucose metabolism was determined by insulin tolerance tests (ITT; n = 4-5 mice/group). Serum insulin levels (E) and HOMA-IR (F) were assessed in fasted mice (4 h) injected with Adv-miR-30a or Adv-GFP control (n = 4-5 mice/group). G: Western blot analysis of total STAT1 levels in iWAT infected with control or anti-miR-30a Adv. qPCR was used to determine the expression of proinflammatory (H) and lipid metabolism (I) genes in iWAT (n = 4-5 6 SEM). J: Immunohistochemistry (IHC) staining for resident proinflammatory macrophages in iWAT from DIO mice treated with local Adv-GFP or Adv-anti-miR-30a injection. Scale bars, 50 mm. K: Adv-anti-miR-30a expression in iWAT increases adipocyte size. L: Western blot analysis of STAT1, STAT2, STAT3, ADIPOQ, CytC, and Hsp90 (loading control) in human adipocytes transfected with anti-control or anti-miR-30a single-stranded RNAs. M: Expression of miR-30a, proinflammatory, and metabolic transcript levels in mature human adipocytes expressing anti-control or anti-miR-30a (representative of three independent experiments). N: Respiration (as OCR) was measured in human adipocytes transfected with anti-control or anti-miR-30a. Percent change in OCR (%basal) was normalized to baseline rates (n = 5/group). O: Mitochondria (MitoTracker) and nuclei (DAPI) were labeled in human adipocytes transfected with anti-miR-30a as in L-N. Image analysis was used to determine changes in MitoTracker staining (n = 2 independent experiments, 50-100 cells/experiment). Scale bars, 20 mm. *P , 0.05, relative to control transfection. a.u., arbitrary units. Fig. 9 ). IFN-g binding to its receptor causes STAT1 homodimerization and binding to GAS sites, leading to transcription of a specific subset of STAT1 target genes that coincides with suppression of both insulin sensitivity and lipid catabolism in adipocytes (32) (33) (34) . To determine if STAT1 activation affected miR-30a expression, we treated mature human adipocytes with IFN-g, which reduced miR-30a expression ( Fig. 7A ) while potently stimulating STAT1 target genes (Fig. 7B) . Conversely, the expression of metabolic genes critical for insulin sensitivity and lipid metabolism was blunted by IFN-g (Fig. 7B) . To further define the transcriptional regulation of miR-30a, we investigated how IFN-g affected the occupancy of PPAR-g and STAT1 near insulin sensitivity genes and miR-30a ( Fig. 7C ). Chromatin immunoprecipitation qPCR revealed that IFN-g significantly increased binding of STAT1 near the PPAR-g sites in the miR-30a promoter without altering the occupancy of PPAR-g. We observed the same behavior at ADIPOQ (30) and UCP1 (35) enhancer regions that corresponded with reduced expression of both genes. These findings suggest a negative cross talk between the occupancy of PPAR-g and STAT1 binding sites near the miR-30a gene.
To determine whether expression of miR-30a can protect adipocytes against the inhibitory effects of IFN-g on Figure 7 -miR-30a expression confers resistance to IFN-g in white adipocytes. Relative mRNA levels of miR-30a-5p (A) and STAT1 target and metabolism genes (B) in human adipocytes treated 6 recombinant IFN-g. C: Chromatin immunoprecipitation (ChIP) qPCR analysis of PPAR-g and STAT1 co-occupancy in human adipocytes treated with 0.1% BSA (vehicle) or recombinant IFN-g. D: Immunoblots of total cell lysates from human adipocytes transfected with control or miR-30a mimic and treated with vehicle or IFN-g for 10 min. E: qPCR analysis of STAT1 target genes and insulin sensitivity genes in cells transfected with control or miR-30a mimic and treated with vehicle or IFN-g for 24 h. F: Respiration (as OCR) was measured in human adipocytes transfected with control or miR-30a mimic and treated with vehicle or IFN-g for 24 h. Percent change in OCR (%basal) was normalized to baseline rates (n = 5 group). G: Immunoblots of total cell lysates from human adipocytes transfected with control or miR-30a mimic and treated with vehicle or IFN-g for 72 h in serum-free media containing 0.2% BSA. Cells were subsequently exposed to insulin for 7 min in the presence or absence of IFN-g to assess end points of insulin signaling. *P , 0.05, relative to control transfection. metabolism, we transfected mature human fat cells with control or miR-30a mimics followed by treatment with vehicle or IFN-g. Transient expression of miR-30a depleted STAT1 protein levels while only modestly affecting STAT2. Remarkably, mitochondrial proteins that reflect respiratory capacity, including Hsp60 and CytC, were rendered largely insensitive to IFN-g by overexpression of miR-30a (Fig. 7D ). More broadly, miR-30a expression in human adipocytes blocks the induction of STAT1 target genes (ISG15 and IRF9) and allows PGC1a, UCP1, and ADIPOQ expression to be resistant to the effects of IFN-g treatment (Fig. 7E ). Metabolic activity of adipocytes transfected with control mimics remained sensitive to IFN-g, as demonstrated by reductions in maximal OCR. Consistent with metabolic resistance, maximal OCR in human adipocytes was not affected by IFN-g under conditions of miR-30a overexpression (Fig. 7F) .
Our data suggest that miR-30a expression in human adipocytes confers resistance to effects of the proinflammatory IFN-g on lipid metabolism. Not surprisingly, insulin resistance evolves in adipocytes treated with cytokines like IFN-g (32, (36) (37) (38) . To test whether miR-30a expression preserves insulin signaling in the presence of IFN-g, we transfected human adipocytes with miR-30a mimics and analyzed insulin-stimulated pAkt after 72-h IFN-g treatment. Despite chronic IFN-g treatment, miR-30a expression preserved and increased insulin-mediated pAkt (Fig. 7G) . Control-transfected cells exhibit a blunted response to insulin in the presence of IFN-g. These results suggest that miR-30a can block the effects of proinflammatory STAT1 signaling on the metabolic function of adipocytes.
DISCUSSION
Numerous studies have detailed how the immune compartment within WAT responds to overnutrition, and many cytokines and other soluble mediators of inflammation have been implicated in the metabolic dysfunction that characterizes obesity. In this study, we provide evidence that expression of the miRNA miR-30a protects adipocytes from the detrimental effects of proinflammatory cytokines, leading to improved insulin sensitivity in obese mice. Our observations linking miR-30a expression in subcutaneous WAT to insulin sensitivity in humans suggest an uncharacterized pathway that may uncouple obesity from the metabolic dysfunction leading to T2DM. Mechanistically, persistent repression of STAT1 activity enables adipocytes to retain metabolic function in the inflammatory environment of obesity and T2DM.
Although the mechanism is unclear, recent work has shown that UCP1-positive adipocytes in WAT may protect against fatty liver and hepatic insulin resistance (39) , even without influencing weight gain (40, 41) . We propose that the metabolic benefits of miR-30a in subcutaneous WAT can be partly ascribed to the appearance of UCP1-positive cells in iWAT that do not ultimately impact weight gain. This metabolic gene profile, particularly reflected by UCP1, reflects higher lipid-buffering capacity, which partly explains the lower circulating lipid levels and reduced liver steatosis observed in mice ectopically expressing miR-30a in subcutaneous WAT. The anti-inflammatory effect of miR-30a resembles the antidiabetic activity of PPAR-g agonists like rosiglitazone (42) , which also recruit UCP1positive, smaller adipocytes in subcutaneous WAT. As such, part of the anti-inflammatory activity of PPAR-g agonists may require miR-30a to suppress transactivators downstream of IFN-g or other cytokines. Not surprisingly, inflammation inhibits generation of UCP1-positive fat cells in subcutaneous WAT (40) . Therefore, we expect that miR-30a expression in fat cells unites metabolic and antiinflammatory effects that uncouple obesity from insulin resistance.
Elevated levels of cytokines like IFN-g (38) characterize the obese environment and consequently impair adipose tissue expandability and attenuate systemic insulin sensitivity. Prominent effects of IFN-g activation in adipocytes include reduced mitochondrial function and suppression of genes critical for fat metabolism. The mechanism by which miR-30a improves insulin sensitivity appears to be mediated by attenuating inflammation derived from IFN-g in adipose tissue. This result agrees with previous studies showing that IFN-g disrupts mitochondrial respiration and expression of metabolic genes (32, 33, 43) . Importantly, the inhibitory effects of miR-30a on STAT1 appear to be cell autonomous, as reduced miR-30a expression allows STAT1 de-repression, elevated IFN-g signaling, and inhibition of genes important for lipid and glucose homeostasis in adipocytes. In the complex microenvironment of WAT, we found that miR-30a also suppresses critical autophagy proteins (22, 24) , as well as previously established targets, including PI3KCD (44) (45) (46) and Ubc9 (12) , that correlate with insulin resistance. Further studies will be required to understand how miR-30a exerts tissuespecific functions. Along these lines, it will now be important to determine whether miR-30a expression blunts the effects of other obesity-related cytokines, such as tumor necrosis factor-a, that exploit STAT1 or other targets to transduce inflammatory signals in adipose tissue.
Inflammation in subcutaneous WAT discriminates obesity from insulin resistance in mice and humans (47) . Despite the data linking inflammation to adipose tissue dysfunction, little is known of the mechanisms present that enable expansion of adipose tissue in such a way that protects insulin sensitivity in obesity. We have identified a reciprocal relationship between reduced miR-30a expression and STAT1 activation by IFN-g that advances our understanding as to how inflammatory cytokines impede the normal metabolic function of adipocytes. Our data provide support for the concept that sustained miR-30a expression in obesity may disable the IFN-g signaling pathway and allow fat expansion even under the stress of overnutrition. Additional focus on the role of miR-30a in the adipose tissue microenvironment may define new mechanisms for therapeutic intervention that prevent obesity-linked comorbidities and minimize the long-term clinical burden of T2DM.
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